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Abstract
Black carbon (BC) is partially combusted organic material from natural and
anthropogenic sources, and is a highly effective driver of melt in the cryosphere. BC has been
found in both populated and remote areas around the globe. This study follows the evolution of
UV-exposed dissolved BC (DBC) in the cryosphere using the Benzenepolycarboxylic Acid
(BPCA) markers B4CA, B5CA, and B6CA. Samples were collected from Mount Baker,
Washington, and from both an in situ field study and a controlled photodegradation study, both
using natural and anthropogenic BC standards. Both natural and experimental samples had a
dominance of B5CA relative to other BPCAs. Many natural samples did not have identifiable
quantities of B4CA. Natural snow samples and control samples show overall low DBC values,
within range of other cryospheric studies around the world and in the Pacific Northwest United
States. The controlled photodegradation study showed an increase in DBC with UV exposure for
all standards compared to controls, however diesel soot samples showed <5% change in all
BPCA concentrations with UV exposure. Natural chars experienced more change in BPCA
proportions with sun exposure. Controlled photodegradation experiment results show the strong
influence of photodissolution adding condensed BC into solution, and photodegradation reducing
the condensation of aromatic BC. While photodegradation has previously been identified as a
potential BC sink, these results indicate that UV exposure can also mobilize dissolved BC from
particulate matter.
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1. Introduction
1.1 Black carbon in the cryosphere
Anthropogenic climate change has led to the rapid shrinking of glaciers around the world,
largely because of higher global temperatures and changing precipitation patterns (Li et al.
2019). The relationship between snow reflectance and glacier melt has been of particular interest
recently, as studies have shown that lowered snow albedo from dark debris can play a role in
rapid snow and ice melt (Jacobi et al. 2015; Nagorski et al. 2019; Warren and Wiscombe 1980).
The insulating and melt-inducing influence of dark debris on glacier surfaces has been studied in
different capacities since the early 1900s (Doherty et al. 2010; Lundstrom et al. 1993; Ogilvie
1904). There has been a particular interest in the impact of anthropogenic particulate debris in
the cryosphere as global glacial degradation continues.
The physical and chemical variations between different light absorbing particles (LAPs)
in the cryosphere are particularly important in these investigations. In general, the optical
properties and evolution of LAPs in the snow is irregular and poorly established (Moffet and
Prather 2009; Schnaiter et al. 2005; Tuzet et al. 2019). Studies have found that the primary effect
of LAP deposition is reduced snow albedo followed by expedited snow melt, both of these
consequences affecting radiative transfer and climate in the cryosphere and globally (Clarke and
Noone 1985; Hadley and Kirchstetter 2012). LAPs found in the cryosphere can come from a
variety of both natural and anthropogenic sources that can be closely associated to each other
within the snowpack (Skiles and Painter 2017).
While natural dust accounts for approximately 20-50% of the light absorption in the
snowpack (Doherty et al. 2010), the LAP black carbon (BC) has been identified as a particularly
strong driver of melt. Although it appears in smaller concentrations than dust, BC more heavily
impacts the albedo of the snowpack (Clarke and Noone 1985; Kaspari et al. 2020; Li et al. 2020;
Skiles and Painter 2017), except near large point sources (e.g. Khan et al. 2017a). BC is partially
combusted organic material, often originating from both natural and anthropogenic sources like
forest fires, coal-fired power plants, and ships, and has been identified in both pristine and settled
locations around the world (Bond et al. 2004; Khan et al. 2017b). BC is considered a short-lived
climate forcer, meaning that it survives in the atmosphere for a short time compared to other
anthropogenic pollutants before being deposited on the earth’s surface. In spite of this, BC can
still travel for thousands of miles from its origin, affecting even the most remote areas of the
world (Rogeli et al. 2018).
Previous literature investigating alpine areas around the world has identified the influence
of BC in high-altitude and remote snowpacks. Globally, concentrations of BC in the snowpack
have been found to drive snowmelt from the low albedo of dark particles and the low albedo of
resulting melt-influenced large snow grains (Jacobi et al. 2015; Uecker et al. 2020). In the
Tibetan Plateau, BC, primarily from fossil-fuels and secondarily from fires in south-central Asia
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and southern China, contributed to 4-10% of total glacial melt in the study area (Li et al. 2020).
Studies in glacial watersheds have identified the importance of fire- and fossil fuel-derived BC
(Ding et al. 2015; Nagorski et al. 2019; Stubbins et al. 2012b), indicating the incorporation of BC
into snow and glacier ice.
Studies in the Pacific Northwest (PNW) of the United States show a strong seasonality of
LAPs in glacier ice, and particularly BC, and a strong correlation between accelerated melt, high
BC concentrations in snow and ice, and local forest fires (Kaspari et al. 2015; Neff et al. 2012;
Ueker et al. 2020). Studies in the PNW find that dust and BC concentrations can vary widely
over time, particularly in connection with local BC events and sources like industrial activity
(Kaspari et al. 2020). Wet deposition of BC by snow and rain is thought to be the primary
contributor of BC to the PNW snowpack (Delaney et al. 2015). Seasonal snowpack and glacier
ice core studies show the strong influence of both meltwater scavenging in evacuating BC from
the snowpack, and melt consolidation creating more concentrated layers of BC (Delaney et al.
2015; Kaspari et al. 2020). Delaney et al. (2015) also notes the variability of BC concentrations
on the snow surface, and the increase in spatial differences as the melt season continues.
In addition to the studies of BC on snow in the PNW, other work done around the world
provides a strong basis of data to build on, particularly in areas with large local BC-producing
events like seasonal wildfires and industry. Black carbon is a subset of dissolved organic matter
(DOM), which has been studied extensively in glacial watersheds. Studies using Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) have found low
concentrations of BC-related aromatic compounds compared to concentrations of plant and
microbial-related aliphatic or peptide-like compounds (Kellerman et al. 2021; Lawson et al.
2014). Using FT-ICR MS, Kellerman et al. (2021) also determined that concentrations of
condensed aromatic compounds are not affected by the amount of vegetation in glacial
watersheds. However, concentrations of other, far less-condensed compounds did see changes
with the degree of vegetation, indicating different sources or delivery mechanisms for these
different fractions of DOM (Kellerman 2021). These results encourage studies focused on BC to
constrain possible sources for aromatic compounds in the cryosphere.
1.2 Measuring black carbon using the benzenepolycarboxylic acid method
There are several methods that have been developed to quantify BC within the snowpack,
each suited to different applications and having their own limitations. The Integrating
Sphere/Integrating Sandwich Spectrophotometer method (ISSW) measures the wavelengthresolved absorption of particulates from melted snow to determine how much BC is present in
the sample (Schwarz et al. 2012). The ISSW method is susceptible to contamination from
sampling tools and non-BC LAPs in the sample, but has the benefit of measuring all light
absorbing aerosols, providing a superior estimate of radiative forcing (Doherty et al. 2010;
Schwarz et al. 2012). The thermal optical method is another popular method for measuring BC in
snow and measures both elemental carbon (EC) and organic carbon (OC) using the controlled
2

combustion of a filter with sample. The thermal optical method can only measure particulate
carbon, and is largely dependent on the filter’s effectiveness at efficiently removing particles
from liquid samples. The thermal optical method also requires a coagulant for efficiencies larger
than 40% (Kuchiki et al. 2015). The Single Particle Soot Photometer (SP2) method measures the
mass of BC in a sample using single particles and laser-induced incandescence, and is able to
show the particle size distribution of the BC particles. The SP2 method is largely used for
atmospheric samples, so it must be specifically calibrated for use with snow samples, since BC
particles are generally larger in snow than in the atmosphere (Kuchiki et al. 2015; Schwarz et al.
2012). The SP2 method has been used to characterize BC size distribution in snow and ice
around the world (Marquetto et al. 2020; Schmitt et al. 2015; Tuzet et al. 2019). Multiple studies
conducted in the Pacific Northwest have utilized the SP2 method, which supports the argument
for exploring a different method for comparison in this area (Delaney et al. 2015; Doherty et al.
2016; Kaspari et al. 2020; Ueker et al. 2020). While the SP2 method provides vital information
on the amount of particulate matter and its relative size distribution, it cannot measure the
dissolved fraction of BC, which is still able to darken snow surfaces (Khan et al. 2017b), and
plays an active part in watershed carbon cycles. Research has indicated that dissolved black
carbon (DBC) can move across glacier surfaces (Khan et al. 2017b), but these pathways across
glacier surfaces warrant further investigation.
The benzenepolycarboxylic acid (BPCA) method as outlined by Dittmar (2008) and
Wagner et al. (2017) is another method to analyze and quantify BC. The BPCA method removes
DBC – characterized as BC particles <0.7µm in size – by solid phase extraction, converts it into
measureable forms, and quantifies it using a High Performance Liquid Chromatograph (HPLC).
More specifically, the BPCA method uses nitric acid oxidation to transform BC particles, which
are formed of multiple aromatic rings, into benzenepolycarboxylic acids (BPCAs; Glaser et al.
2021; Ziolkowski et al. 2011). BPCAs have just one aromatic ring surrounded by 2-6 carboxyl
groups sourced from adjacent rings and chains of the original BC molecule. Thus, the number of
carboxyl groups on the BPCA is directly related to the size of the original BC molecule
(Ziolkowski et al. 2011). The nitric acid oxidation procedure used to produce BPCAs sacrifices
about 75% of the measurable carbon, but an HPLC can still robustly measure these lower
concentrations (Ziolkowski et al. 2011).
Four different types of BPCAs can be produced by the nitric acid oxidation of BC
particles, determined by the amount of aromatic carbon rings in the original BC molecule (Glaser
et al. 1998; Glaser et al. 2021). Benzenetricarboxylic acid (B3CA) has three carboxyl groups
substituted around the aromatic ring. Benzenetetracarboxylic acid (B4CA) has four carboxyl
groups, benzenepentacarboxylic acid (B5CA) has five carboxyl groups, and
benzenehexacarboxylic acid (B6CA) has six carboxyl groups (Glaser et al. 2021). B6CA can
only be formed from the inner core of an oxidized BC molecule, while B3CA, B4CA, and B5CA
can be formed from aromatic rings on the outside layers of oxidized BC molecules (Schneider et
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al. 2010). For B3CA, B4CA, and B5CA, the placement of the carboxyl groups around the ring
determines the specific acid created (Glaser et al. 2021).
For non-aged particulate BC, the degree of condensation and aromaticity of the original
BC molecule, indicated by BPCA markers, is related to the combustion temperature of the
organic material. Thus, BPCAs can be used as markers of the original molecule’s degree of
condensation (Cerqueira et al. 2015; Weidemeier et al. 2015). High ratios of B5CA and B6CA
compared to B4CA and B3CA indicate high degrees of condensed aromaticity in the original BC
molecules. The combustion temperature determines the formation of different BPCAs, so the
presence of certain BPCA species can help identify the source of BC particles in the sample. The
BPCA method does require further revision to produce the most robust source assessments and
draw strong connections between BPCA makeup and specific sources, particularly for dissolved
BC (Roth et al. 2012; Wagner et al. 2017).
The aging and oxidation process of BC, however, can interfere in the direct relationship
between BPCA groups and the original BC molecules. Studies have found convincing evidence
that photodegradation upon exposure to UV light changes the molecular composition of OC and
BC, modifying the overall chemical signature of BC in the field and the lab, and even changing
BC concentrations in solution (Holt et al. 2021; Stubbins et al. 2012; Wagner and Jaffe 2015;
Ward et al. 2014). Paired with the effects of photodegradation changing BC molecular signatures
is the ready dissolution of highly condensed BC into DBC under UV light. This highly
condensed BC is marked by B6CA, and its mobilization under sunlight can change BPCA ratios
(Roebuck et al. 2017; Stubbins et al. 2012; Wagner et al. 2021; Ward et al. 2014). The increased
solubility of DBC with time and exposure to UV light is also a potentially large driver of DBC
export to water, with larger amounts of DBC being generated by particulate BC in the presence
of sunlight (Abiven et al. 2011; Roebuck et al. 2017; Wagner et al. 2021).
The BPCA groups analyzed in the method developed by Dittmar (2008) are B3CA,
B4CA, B5CA, and B6CA. In practice, recoveries of B3CA and B4CA are lower than more
condensed structures (Dittmar 2008; Stubbins et al. 2012a), and can reflect non-combusted
organic matter (Kappenberg et al. 2016). Stubbins et al. (2015) and Wagner et al. (2017) propose
an adapted method that instead focuses on the quantification of B5CA and B6CA, which is used
in this and other studies (Fang et al. 2021). B5CA and B6CA are generally more abundant than
smaller BPCA species like B4CA and B3CA. Additionally, B5CA and B6CA are more clearly
linked to combustion sources, while smaller BPCA species can be linked to non-combustion
sources and provide over-estimations of fire-derived BPCAs (Kappenberg 2019; Schneider et al.
2010; Wolf et al. 2013). With more accurate associations to their source and higher overall
concentrations, the BPCA method provides the most robust assessments of B5CA and B6CA,
but this study also used B4CA, which also appeared in measureable concentrations and can be
related to combustion sources. Concentrations of B4CA were used in this study as an additional
resource for detailed information on the BPCA concentrations and ratios of experimental
samples. Given that spiked experimental samples were created from known combustion sources,
4

there is less concern for over-estimation of B4CA from potential non-combustion sources. For all
samples, results were considered for both individual BPCAs and grouped BPCAs, limiting the
risk of potential B4CA overestimates to misrepresent measurements of BPCA ratios and DBC
concentrations. Still, with less robust measurements and associations to source, B4CA cannot be
independently utilized as a measure of BC concentration or source, and can only be used to
illuminate the results of more robust BPCA measurements. To draw stronger conclusions and
associations between BPCA species and sources, B5CA and B6CA are more appropriate
measures, and more commonly accepted in literature (Kappenberg et al. 2016; Stubbins et al.
2015; Wagner et al. 2017). Still, B5CA and B6CA provided the basis for DBC analysis because
their concentrations are the most reliably robust with the BPCA method.
Compared to the other methods available, the BPCA method works particularly well for
BC particles in solution (Hammes et al. 2007) and has been used extensively in studies of DBC
sources and distribution in oceans around the world (Bao et al. 2017; Dittmar 2008; Dittmar and
Paeng 2009; Mori et al. 2021; Nakane et al. 2017). Studies using the BPCA method have
identified DBC inputs to the ocean from aerosols (Bao et al. 2017; Geng et al. 2021; Nakane et
al. 2017), rivers (Fang et al. 2021; Nakane et al. 2017; Wagner et al. 2018) and sediments (Mori
et al. 2021; Vaezzadeh et al. 2021). The mobilization of DBC by rivers has been of particular
interest, and BPCA markers have been used to identify seasonal changes in riverine DBC
sources (Roebuck et al. 2018), determine the relative importance of aerosol sources (Ding et al.
2015), and the influence of soils in DBC export (Coppola et al. 2018; Marques et al. 2017;
Stubbins et al. 2015).
The extensive use of the BPCA method in marine samples has begun to resolve questions
about the biogeochemical cycling and recalcitrance of DBC in nature while also necessitating
new inquiries. By using the BPCA method, previous studies have shown that DBC is more
photolabile than bulk dissolved organic carbon (Stubbins et al. 2012) and that photodegradation
and adsorption can act as sinks for DBC in the ocean (Nakane et al. 2017). Photodegradation
processes can also redistribute DBC among different dissolved organic matter (DOM) size
fractions (Wagner and Jaffe 2015). Using the BPCA method, sunlight has also been identified as
a driving force of mobilizing particulate BC into watersheds as DBC through photodissolution
(Roebuck et al. 2017; Wagner et al. 2021). Adapting the BPCA method to cryospheric samples,
Khan et al. (2017b) found a wide distribution of DBC in both populated and pristine areas of the
cryosphere, finding that less-condensed BPCAs dominated the makeup of DBC in Arctic,
Antarctic, and high-mountain snow samples. While there are few DBC-specific studies in the
cryosphere, there is a stronger base of studies on DOM concentrations and fractions in the
cryosphere, providing a basis for a deeper look into DBC in snow and ice (Lawson et al. 2014;
Hood et al. 2015; Kellerman et al. 2021).
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1.3 Photodissolution of dissolved organic matter and dissolved black carbon
Studies on the source and evolution of DOM in surface waters have found strong
relationships between sun exposure and DOM content. For particulates, sunlight is a stronger
driver of organic matter dissolution than microbial processes in some settings (Pisani et al.
2011), but photodissolution can also be strongly influenced by temperature (Estapa et al. 2012;
Mayer et al. 2006). For dissolved organic carbon (DOC), which is the dissolved carbonaceous
fraction of the DOM, the effect of sunlight in leaching DOC from soils and sediments is well
reported. There is a particularly strong relationship observed between sun exposure and large,
rapid DOC increases in water interacting with sediments (Estapa et al. 2012; Jaffé et al. 2013;
Liu and Shank 2015; Mayer et al. 2006; Roebuck et al. 2017).
BC, which is another subset of DOM, is similarly susceptible to photodissolution.
Sunlight has been shown to enhance the dissolution of particulate BC into dissolved BC,
potentially acting as a source of DBC to surface waters (Roebuck et al. 2017; Wagner et al.
2021). While relative contributions of particulate and dissolved BC can have strong local
controls from seasonality, weather, geography, and BC source, (Fang et al. 2018; Roebuck et al.
2018), both fractions contribute similarly to carbon flux on a global scale (Coppola et al. 2018;
Jaffé et al. 2013; Jones et al. 2020). The strong influence of both particulate and dissolved BC
necessitates a robust understanding of BC flux through watersheds for both fractions. While the
photodissolution of particulate BC appears to contribute significantly to DOC in watersheds,
however, the mechanism for DBC production is less clear (Roebuck et al. 2017).
Field studies have shown the major mobilization of DBC from burn sites even decades
after fire events and have also indicated the key role of particle aging in BC dissolution (Abiven
et al. 2011; Dittmar et al. 2012; Ding et al. 2013). In controlled experiments, leaching and
photodissolution of ash particulates resulted in significant increases in both DOC and DBC
(Roebuck et al. 2017), and particularly the amount of highly condensed DBC from aged charcoal
(Wagner et al. 2021). While there is a paucity of literature on DBC-specific photodissolution, it
is clear that DBC and DOC are closely linked in dissolution (Jaffé et al. 2013; Roebuck et al.
2017) although there are important differences in what influences their export rates (Roebuck et
al. 2018). While all of these studies investigate the role of photodissolution of BC in sediments,
to the author’s knowledge there is little to no information on photodissolution in the cryosphere,
and particularly in snow. Snow and ice offer a unique low temperature environment to study this
phenomenon. In the polar regions, photochemical reactions are affected by 24-hour sun and 24hour dark periods, necessitating investigations on how BC is incorporated into snow and glacierdriven watersheds through photodissolution.
1.4 Photodegradation of dissolved black carbon
Previous studies have found that BC particles are susceptible to several biogeochemical
factors like compaction by water, coatings by secondary species, and photodegradation under
6

UV light (Eriksson et al. 2017; Holt et al. 2021; Khan et al. 2017b; Moffet and Prather 2009;
Ziolkowski and Druffel 2010). While all of these factors have the potential to influence the
optical and radiative properties of BC particles, UV photodegradation can alter source markers
and limit the use of the BPCA method as an independent way to determine the source of BC
particles (Khan et al. 2017b; Stubbins et al. 2012a; Wagner et al. 2017). When BC particles are
degraded, the BPCA markers used to infer the combustion heat of the BC particles are altered
(Ward et al. 2014; Khan et al. 2017b. These alterations can spur false interpretations of the
combustion conditions of the original BC particle. With changes to the BC particle structure,
more information is needed to elucidate the effect of the original combustion versus any later
degradation. Previous studies have shown the photodegradation of aerosol and aquatic BC
particles in a matter of hours (Eriksson et al. 2017; Moffet and Prather 2009; Ward et al. 2014).
Stubbins et al. (2012) suggests that the majority of degradation in marine DBC happens within
28 days of UV exposure, based on an experiment using artificial solar irradiation. This begs the
question of how the degradation process continues over time and in different settings (Khan et al.
2016; Khan et al. 2017b; Nakane et al. 2017; Wagner et al. 2018). In the cryosphere, the
dynamics of BC photochemical alterations are important to determine the source and
modification of BC and its refractive properties throughout its lifetime. With a better
understanding of the impacts that UV radiation can have on BC particles from different sources,
the BPCA method can become a more reliable way to determine the provenance of BC particles
in the cryosphere.
1.5 Research objectives and justification
The two primary objectives of this study are to determine if BPCA proportions will be
altered when exposed to sunlight and to try to track these photochemical changes in both field
and lab studies. Investigating these objectives will add to the growing body of research on both
DBC concentrations in the PNW cryosphere and the knowledge of photochemical changes in BC
particles. Continuing to investigate both BC abundance and evolution in the snowpack adds
critical knowledge to the lifecycle of BC as a pollutant in temperate snow and to establishing
baseline values of particles that can affect snow and ice melt in the area. Knowing baseline
values of BC in the region aids in identifying significant changes in BC transmission to the
cryosphere and predicting damage to snow and ice budgets in the PNW. Investigating the way
BC particles change in nature both contributes critical knowledge of the BC lifecycle and
improves the use of the BPCA method as a way to study BC particles in the snowpack.
The hypothesis for this investigation is that BPCA proportions in BC standards will be
altered when exposed to sunlight. This hypothesis was tested using a variety of field and
controlled studies and testing the behavior of samples spiked with BC standards against control
samples. This experiment used control plots for identifying the amount and species of BC that
was already present in the snow, before experimental BC concentrations were applied to the
plots. The dynamic nature of glacier biogeochemistry in the ablation season makes BC
concentrations difficult to track. The control plots provided a better understanding of the possible
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natural contributions to the experimental plots throughout each campaign. Along with snow and
meltwater samples, the control plots show the elution process of DBC in the ablation season and
help illuminate the spatial distribution of BC on the glacier. The collection of glacier meltwater,
snow, ice, and supraglacial stream samples also help to establish baseline values of BC in the
snowpack, and can be compared to other studies done in the Pacific northwest and around the
world. The focus on the dissolved fraction of BC is a step towards establishing BC’s solubility
and its downstream impact on the local carbon cycle.
The use of the BPCA method to infer the source of BC is very promising, but previous
studies have shown that degradation of BC particles can make it difficult to identify their original
form, and thus the source material (Khan et al. 2017b; Stubbins et al. 2012a; Wagner 2017).
Knowing how BC particles from different sources are specifically affected by photodegradation
is a step towards better identifying degraded BC particles. By identifying post-deposition
changes to particles, more accurate assessments can be made on the characteristics of freshly
deposited versus aged black carbon in snow, particularly when using the BPCA method. A better
understanding of these characteristics will in turn help to characterize the black carbon load in
the snowpack, in both fresh snow and the ice record. This has large implications for seeing how
BC sources have shifted over time, over months and years.
This study used controlled lab and field studies where standards are exposed to sunlight
for known amounts of time to test the hypothesis of whether BPCA proportions in BC will be
altered when exposed to sunlight. This study used lab-standardized BC wood, grass, mollisol,
and vertisol chars, diesel soot, and charred soil from a forest fire area to observe how chars from
different sources degrade in natural and controlled environments. These particular standards are
widely used in BC studies (Elmquist et al. 2006; Holt et al. 2021; Schneider et al. 2010; Wagner
et al. 2017). The heat of combustion and composition of the source material results in different
BC particle compositions, so it should follow that these unique particles degrade in distinct ways.
The photodegradation of BC can be influenced by a variety of factors including snow type, solar
zenith angle, shade cover, and daylight hours, presenting compelling arguments for in-situ
studies of BC degradation under different conditions. The setting where these particles are
deposited may also play a role in how they react to sunlight, so conducting experiments in nature
throughout the summer, as the sun and snowpack change, can illuminate the dynamics of BC in
snow. The effect of many natural variables should be measured and observed, but a
photodegradation experiment in a closed setting with fewer independent variables provides a
clean comparison to see how sunlight alone affects BC. Previous studies have investigated
photodegradation patterns on BPCAs in closed environments (Ward et al. 2014) and with bulk
DOM in paired field and lab studies (Holt et al. 2021). Building on these investigations, a paired
field and lab study using BPCAs is needed to understand natural degradation and also improve
the use of the BPCA method. It is critical to pinpoint the way BC particles are modified in nature
so studies of BPCAs can differentiate between photochemical alterations and source-derived
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differences. This study is a first step to further improve DBC applications to the cryosphere and
its usefulness in identifying BC source materials.

2. Methods
2.1 Field methods
2.1.1 BC degradation experiment - Site description
As part of the larger study on DBC degradation, a field study was conducted in the
summer of 2020 at the Mount Baker-Snoqualmie National Forest, located approximately 95 km
east of Bellingham, WA at 48º82’ N, 121º75’ W ( Figure 1). The first campaign was conducted
at Artist Point (1555 masl) from July 19-23, the second was conducted on a large snow patch
near the Sholes Glacier (1798 masl) from August 25-29, and the third was conducted on the
Sholes Glacier (1741 masl) from September 27-October 1. This area receives heavy snowfall
throughout the winter, and the average snowfall in Heather Meadows (1283 masl) was 243.18
cm between October 1, 2019 and May 31, 2020 (Northwest Avalanche Center 2022). These sites
were chosen because of their ease of access but relatively small likelihood of disruption, amount
of snow at the time of sampling, and uninterrupted sun exposure throughout the day. Sample
sites were not prominently located on glaciers so as to not actively contribute to glacier melt.
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Figure 1: Field experiment site map. The three sample sites were located within the Mount
Baker-Snoqualmie National Forest (inset map 2) in northwest Washington State (indicated by the
red star in inset map 1) in the summer of 2020. AP1 was sampled July 19-23, SG1 was sampled
August 25-29, and SG2 was sampled September 27-October 1. These sites were located on the
northeastern side of Mount Baker (Google Earth; Tabor et al. 2006).

2.1.2 Experimental design
In addition to a more controlled experiment described in Section 2.3, the field study
centered on three campaigns over the course of three months. The three campaigns were
conducted throughout the summer of 2020 on seasonal snow patches on the flanks of Mount
Baker. These experiments were conducted in three different but geographically similar areas to
limit contamination between campaigns. Examples of potential contamination are the windblown
deposition of BC standards on otherwise pristine areas, and compaction and snow disruption
from the sampling process in previous campaigns. Conducting three studies at different times
also allowed for the analysis of the evolution of different BC standards through the changing
temperatures and snow regimes of the summer.
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Plots 1 m2 in size were established in the snow, with one meter of distance between them (Figure
2). The first campaign included six sample plots, while the succeeding two campaigns each
included eight plots. The surface of each plot was scraped with a metal shovel to remove
background debris. Standards of BC from five different sources were mixed with deionized
water in 500 mL amber glass spray bottles with plastic straws, and each experimental plot was
sprayed with 250 mL of well-shaken standard/Deionized water (DIW) mixture. Accounting for
char that was observed sticking inside the dispenser bottle, an estimated 90% of char added to
the spray bottle was evenly distributed between the appropriate sample plots. Standards were
applied separately on different pairs of plots, with one pair established as a control with no
additional BC. In the latter two experiments, deionized water was sprayed on the control plots to
mimic the wetting of the other plots. The plots were left exposed for five days and sampled daily.
a

b

c

Figure 2: a) Sample plots set up on the Sholes Glacier from September 27- October 1. b) Sholes
Creek at the mouth of the Sholes Glacier. Water samples were collected from the river as close to
the mouth of the glacier as possible, depending on access on each sampling day. c) Char
standards used for the controlled photodegradation and field experiments.
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2.1.3 Black carbon standards
The BC standards used in this experiment were a mix of lab-produced and natural
sources, meant to encompass a wide range of char types (Table 1). Charred soil from a June 2021
forest fire at the Funny River in Alaska was ground into a powder with a mortar and pestle.
Given that this was the only method used to homogenize the AK soil char, there is some
variability expected between any batches that were ground in the mortar and pestle at different
times. Therefore, there may be some differences in homogeneity between the AK soil char
samples used in each campaign. The other BC sources used in this experiment were powdered
commercial lab-standards. The first two field campaigns used chestnut wood char and risotto rice
char purchased from the University of Zurich. The last experiment used sterilized mollisol, or
deep, organic- and nutrient-rich soil from Germany and sterilized vertisol, or clay-rich soil from
Austria, both purchased from the University of Cologne in Germany. The concentration of the
BC standard applied to the experimental plots varied with each campaign. The first experiment
used 0.2 g of char standard in 500 mL of deionized water. The second campaign used 1 g of
standard each mixed into 500 mL of deionized water. For the third campaign, 1 g of standard
was mixed in 500 mL of deionized water, and the standards were mixed using a stir table for 72
hours, and kept fully covered to avoid photodegradation prior to the experiment. In each
experiment, each plot received 250 mL of well-shaken water-char mixture.
Table 1: Details for all standards used in field campaigns.
Campaign

Standards Used

% Organic
carbon

Standard
Volume
Number
Concentration applied to of Days
each plot Applied

1- Artist Point
(AP)

Chestnut Wood
Char (University
of Zurich)

68%

0.2 g/ 500 mL

Risotto Rice Char
(grass char)
(University of
Zurich)

51%

July 19-22, 2020
(Standard
applied July 18)
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250 mL

4

2- Sholes Glacier Chestnut Wood
1
Char (University
(SG1)
of Zurich)

68%

Risotto Rice Char
(grass char)
(University of
Zurich)

51%

AK Soil Char

Not
available

3- Sholes Glacier Mollisol char
2
(University of
(SG2)
Cologne)

Not
available

Vertisol Char
(University of
Cologne)

Not
available

AK Soil Char

Not
available

August 26-29,
2020
(Standard
applied August
25)

September 28October 1, 2020
(Standard
applied
September 27)

1 g/ 500 mL

250 mL

4

1 g/ 500 mL

250 mL

4

2.1.4 Sample collection and processing
Samples and observations were taken after the hottest part of the day, within 3 hours of
sunset. Snow depth, snow grain size, snow and air temperatures, and snow density were recorded
for each plot on every sampling day, and measured using standard snow classification methods
(Fierz et al. 2009). Snow depth was measured using a 2-m snow probe, snow density was
measured using a density cutter and scale, and snow grain size was identified visually using a
snow crystal grid card. Samples were collected in acid rinsed and pre-combusted 250-mL amber
glass bottles, and kept frozen and out of the light in dark bags buried in the snow. In the lab,
samples were melted in a fridge at 4ºC shortly before analysis.
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Table 2: Daylight hours during each field campaign, calculated from sunrise to sunset and
average percent cloud cover per day (Visual Crossing Co. 2022).

Date

Field
Day length sunrise- Average day length
Campaign sunset (mins)
(hours)

7/19-7/22 AP_07

Average daily cloud
cover (%)

Average over
campaign (hours):
15.54

Average over
campaign (%): 18.82

7/19/20

936

15.60

21.8

7/20/20

933

15.55

5.3

7/21/20

931

15.52

11.7

7/22/20

929

15.48

36.5

Average: 13.63

Average: 19.88

8/26-8/29 SG1
8/26/20

823

13.72

19.8

8/27/20

820

13.67

8.0

8/28/20

816

13.6

21.3

8/29/20

813

13.55

30.4

Average: 11.69

Average: 13.92

9/28-10/1 SG2
9/28/20

707

11.78

7.3

9/29/20

704

11.73

0.4

9/30/20

700

11.67

19.9

10/1/20

696

11.60

28.1

2.2 Natural black carbon concentrations
Natural field samples were collected from the Sholes Glacier throughout the summer as a
study on the background BC concentrations in snow, ice, and meltwater of the area. These data
were used as a check to ensure that the control plots accurately represented local concentrations
of BC. Concentrations from the unspiked control plots and the surrounding area also allowed for
comparison with global BC concentrations.
These natural samples were collected weekly from the Sholes Glacier surface ice and
meltwater stream (Figure 2b, Appendix I). Meltwater stream samples were taken weekly and
collected from the outlet at the foot of the glacier, as close to the glacier as possible. For each
collection, 2 L of water were collected in acid rinsed and pre-combusted amber glass bottles, and
were filtered and acidified in lab. Samples from glacier ice and supraglacial streams were also
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collected intermittently. Supraglacial stream samples were filtered in the field using precombusted 0.7-µm Whatman glass fiber filters, while glacier ice samples were allowed to melt in
a refrigerator and then filtered and acidified in the lab.
2.3 Controlled dissolved black carbon photodegradation experiment
An experiment to test the longer-term degradation of BC in natural sunlight was
conducted using jars of DI water mixed with selected BC field standards that were used in the
field photodegradation experiments (Figure 2c). Standards of AK soil char (1g) and wood char
(0.2 g) were mixed with 55 mL of DI water in 60 mL clear glass jars. These jars were placed on
a sunny balcony on the top floor of the Western Washington University Environmental Studies
building in Bellingham, WA. Only 0.2 g of lab-standardized wood char was used because of
supply limitations. The AK soil was a natural, unstandardized sample, and it was assumed that it
would not be as concentrated with burned material, given potential inputs of non-burned organic
material during collection. Based on this assumption, a larger amount of AK soil char was used
in order to ensure DBC concentrations above the analytical limit of detection. Two jars of the
AK soil char and one jar of the wood char were set out in the sample area on the afternoon of
July 14, 2021, and one jar of each mixture was kept in a fridge and out of the sunlight as
controls. These samples were checked and agitated weekly, and kept outside until September 23,
2021, exposed to sunlight for a total of 71 days. The average amount of sunlight per day over this
time period was approximately 14 hours (Table 3). It is important to note here that these glass
jars, unlike quartz, blocked shorter UV wavelengths, so samples were not influenced by fullspectrum light.
Table 3: Average sunlight hours per day during the controlled photodegradation experiment and
average cloud cover over the course of each experiment (Visual Crossing Co. 2022). Sunlight
hours are calculated from sunrise to sunset.

Date range

Day length
first day
Field Campaign (mins)

Day length
last day
(mins)

7/14/21-9/23/21

Summer

946

726

13.93

37.84

9/10/20 - 9/17/20

Balcony 1 Week

772

747

12.66

54.44

9/10/20 - 9/23/20

Balcony 2 Week

772

726

12.48

54.57

9/10/20 - 10/1/20

Balcony 3 Week

772

697

12.24

55.26

9/29/20 - 9/30/20

Balcony 24 hrs.

Total daylight hours:

11.73

79.60
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Average day
length
(hours)

Average
Cloud Cover
%

Diesel soot (NIST model #2975) standards were put out onto the balcony for between one
and 19 days to test long- and short-term degradation of anthropogenic soot. Diesel samples were
made by mixing 0.2g of NIST standardized diesel soot into 250 mL of DI water. These stock
solutions were then distributed into 60 mL clear glass bottles. Duplicate samples were placed on
the balcony with the other bottles for one, two, and three weeks, and for 24 hours (Figure 3).
Control bottles were completely wrapped in aluminum foil to protect from sunlight and were
placed alongside test bottles. Samples were filtered and acidified immediately after being
removed from the sunlight, or kept in the refrigerator until processing.
Table 4: Sample information for the controlled photodegradation experiment.
Sample Group

Standard

AkB1_Sum

AK Soil Char

18.18

7/14/21

9/23/21

71 days

AKB2_Sum

AK Soil Char

18.18

7/14/21

9/23/21

71 days

WCB1_Sum

Wood Char

3.64

7/14/21

9/23/21

71 days

DieselBalc_C1

Diesel

0.80

9/10/21

9/29/21

19 days

DieselBalc_C2

Diesel

0.80

9/10/21

9/29/21

19 days

Diesel_1WkA

Diesel

0.80

9/10/21

9/17/21

7 days

Diesel_1WkB

Diesel

0.80

9/10/21

9/17/21

7 days

Diesel_2WkA

Diesel

0.80

9/10/21

9/23/21

13 days

Diesel_2WkB

Diesel

0.80

9/10/21

9/23/21

13 days

AKB_24H

AK Soil Char

18.18

9/29/21

9/30/21

24 hours

WCB_24H

Wood Char

3.64

9/29/21

9/30/21

24 hours

Diesel_24HA

Diesel

0.80

9/29/21

9/30/21

24 hours

Diesel_24HB

Diesel

0.80

9/29/21

9/30/21

24 hours

Wood Char

3.64

Kept in
fridge

AK Soil Char

18.18

Kept in
fridge

WCBalc_C
AKSBalc_C

Concentration
Standard (g/L)
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First day of
sun exposure

Last day of sun Total sun
exposure
exposure
time

Figure 3: Diesel soot samples in the controlled photodegradation experiment set up on a sunny
balcony at Western Washington University. Natural chars and diesel soots were grouped
separately, with 30 cm of space between each sample to limit shading. The Environmental
Studies Building and its balcony are oriented East-West on the South side of the building. This
orientation limits the amount of shade interference from the walls of the building, but there was
still the influence of shading from the East wall at the beginning of the day, and the West and
North walls at the end of the day, and potential limited shade from the South wall. The majority
of the day, however, the balcony had uninterrupted full sun.
2.4 Analytical methods
All samples were filtered with pre-combusted 0.7-µm Whatman glass fiber filters. Snow
and ice samples were first melted in a fridge at 40ºF. A portion of the filtrate was transferred to
pre-cleaned glass bottles for dissolved organic carbon (DOC) and specific ultraviolet absorbance
at 254 nm (SUVA254) analysis. The rest of the sample was transferred to pre-cleaned and precombusted bottles and the volume was measured before being acidified to pH 2 and stored at 4ºC
until analysis. This BPCA analytical method was originally developed for DBC analysis by
Dittmar (2008) and modified by Wagner et al. (2017).
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2.4.1 Solid phase extraction
Solid Phase Extraction (SPE) was applied to isolate a major fraction of DOM from the
solvent and is the first step in extracting BPCAs for analysis (Dittmar et al. 2008). For the SPE
process, 6-mL Bond Elut Priority Pollutant (PPL) cartridges were rinsed through with MeOH
two to three times, without ever going dry, and then rinsed through four to five times with 0.01M
HCl. After completing the PPL cartridge rinsing process each cartridge was wrapped in foil to
limit light exposure and the prepared cartridges were used for performing SPE on each sample.
SPE was run through with gravity filtration, and some sample was collected in a pre-cleaned
glass bottle for additional DOC analysis (Appendix II). PPL cartridges were cleared with air
using a syringe to dispel excess liquid, then completely wrapped in foil and stored in the freezer
before further analysis.
2.4.2 Black carbon oxidation procedure
After solid phase extraction, the cartridges were dried under a stream of N2 gas
(Appendix III), after which the isolated DOM was eluted from the cartridge using approximately
10 mL of methanol, or until the eluent ran clear, and then stored in the freezer in acid rinsed and
pre-combusted 16 mL vials. The DOM sample was then transferred to a glass ampule and dried
in a furnace at 60ºC to evaporate the methanol. The approximate amount of SPE-DOC
transferred in this process was 0.096 mg for field experiment samples, and 0.156 mg for
controlled photodegradation samples (Appendix IV). Controlled photodegradation samples were
split into triplicate samples of 2-3 mL of SPE-DOM in each ampule, while field samples had the
entirety of their DOM-methanol sample in one ampule. When the sample was dry, 0.5 mL of
concentrated HNO3 was added to each ampule, which was then flame-sealed and heated in a
furnace at 160ºC for 6 hours (Appendix V). Next, the ampules were opened and the HNO3 was
dried in a sand bath heated to 60ºC under a stream of N2 gas. Drying off the HNO3 left only
BPCA residue in the vial. This BPCA residue was then redissolved in 100 µL of 0.6 M H3PO4
and transferred to analytical vials and refrigerated before BPCA analysis on a High Performance
Liquid Chromatograph (HPLC).
2.4.3 Benzenepolycarboxylic acid separation and analysis
BPCAs were separated using an Agilent 1260 Infinity II High Performance Liquid
Chromatograph with an Agilent Poroshell 120 phenyl-hexyl column following Wagner et al.
(2017). This technique used 0.6M phosphoric acid as Mobile Phase buffer A and 20 mM sodium
phosphate for Mobile Phase buffer B for the aqueous gradient elution, and a 500 µL/min flow
rate. The calibration standards for this method ranged from 0.0125-5 mM-C BPCA, created
using commercially available BPCA standards mixed with Mobile Phase A (Table 5). Unclear or
inconsistent peaks in the HPLC spectra were resolved by spiking problem samples with 25 µL of
BPCA standard and re-analyzing the sample, adjusting concentration calculations for the spiked
amounts.
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Table 5: Information on BPCA lab standards.
BPCA

Name

Source

B3CA

1,2,4-Benzenetricarboxylic acid

Acros Organics

B3CA

1,3,5-Benzenetricarboxylic acid

Acros Organics

B4CA

1,2,4,5-Benzenetetracarboxylic acid 96%

Acros Organics

B5CA

Benzenepentacarboxylic Acid

VWR

B6CA

Melittic Acid 99%

VWR

2.4.4 Dissolved organic carbon analysis and specific ultraviolet absorbance at 254 nm
Due to limited analytical access, only select samples were analyzed for DOC using a
Shimadzu TOC analyzer. Samples were chosen from the beginning and end of each field
experiment. DOC results were also used to determine the specific ultraviolet absorbance at 254
nm (SUVA254), which is an indicator of relative DOM aromaticity. UV absorbance by a
molecule is controlled by the structure of the electrons around the molecule. In the near-UV
range, aromatic molecules absorb more light, so this can be an indication of the average makeup
of the molecules contained within a water sample (Weishaar et al. 2003). The SUVA254 is
calculated by measuring the decadic absorbance coefficient of the sample at 254 nm using a
Genesys 10S UV-Vis Spectrophotometer, and dividing the absorbance by the sample’s DOC
concentration Equation 1).
Equation 1: SUVA254 = Absorbance at 254 nm (cm-1) / DOC (mg L-1) • (100 cm M-1)
The SUVA254 is well correlated with the DOC aromaticity of the molecules in a sample
(Weishaar et al. 2003), offering another measurement to indicate the degree of aromaticity of
carbon in a sample.
2.5 Statistical methods
Several different statistical methods were used to compare results between and within
sample sets. The small sample sizes of the controlled photodegradation study made it difficult to
draw statistical conclusions, but pooled data from natural samples and the field study provided
the opportunity to compare between different groups. The natural samples and control samples
provided a strong data set for seeing the changes in DBC and pH in snow throughout the season,
as well as between pristine and non-pristine sites globally.
Several different statistical tests were used to assess differences and trends in these data sets.
ANOVA tests were employed on normally distributed data to test the change in means between
groups. For non-parametric data, Kruskal-Wallis tests, Spearman’s rank-order correlation and the
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Mann-Whitney U-test were used. The Kruskal-Wallis test and the Mann-Whitney U-test were
used to assess differences between groups, and Spearman’s rank-order correlation was used to
test the strength of correlation between variables. The Mann-Kendall test was used to assess the
presence and significance of trends in data. All statistical tests were carried out using the opensource statistical analysis software R 4.2.2 packages (R Core Team 2022).

3. Results
3.1 Snow data
Data from snow plots showed consistent changes across all plots throughout the summer
(Appendix VI). The highest average pH occurred on July 21, while the lowest average was on
September 29. Average pH values remained consistent within each campaign (July coefficient of
variation (CV) = 0.012, August CV= 0.024, September CV= 0.049). To test for differences
between the average pH of each campaign, pH values for samples were grouped by field
campaign and compared to one another using a Kruskal-Wallis test, which showed significant
differences between the mean pH of each field campaign (Chi-square = 74.75, df = 2, p<0.001).
Snow temperatures increased throughout the summer, with an average low of -0.42 ºC on
July 21, and a high of 1.0 ºC on September 28 and October 1. Snow depth also decreased
throughout the summer, even between locations. The deepest average snowpack was 145.5 cm
on July 19, while the thinnest average snowpack was 1.0 cm on September 30. Thick ice layers
under a meager snowpack were common at sites AP and SG1. Average snow density was
consistently high throughout the summer, with a maximum of 557.17 g on July 22, and a
minimum of 513 g on August 19. By August 26, the snow was too dense to be collected and
measured accurately, so snow density was not collected in subsequent sampling days.
3.2 Glacier meltwater and ice
DBC concentrations in natural snow, ice, and meltwater samples from the Sholes Glacier
remained low throughout the summer. DBC values for natural samples ranged from 0.0384 µM,
in a supraglacial stream on September 10, to 2.060 µM, in a snow patch on October 1 (Appendix
I). This maximum DBC value on October 1 is notably more concentrated than other samples, and
more than 800% higher than the summer mean of 0.250 µM. For meltwater stream samples, the
minimum DBC value was 0.0395 µM, the maximum was 0.220 µM, and the mean value was
0.0893 µM. The minimum B6CA:B5CA value for glacier samples was 0.00560 on September
10, while the maximum was 1.054 on August 5. Both the maximum and minimum values for
glacier samples are from supraglacial stream samples.
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3.2 Dissolved organic carbon and specific ultraviolet absorbance at 254 nm
The SUVA254 for spiked snow samples and unspiked field samples ranged from 0.12 L
m mg-C -1 on August 29, to 3.33 Lm-1mg-C -1 on July 22, with a mean of 0.702 Lm-1mg-C -1.
The maximum DOC value was 4.9 mgL-1, recorded in a control plot on July 19, while the
minimum was 0.2 mgL-1, which occurred in several plots throughout July and August, as well as
the Sholes Glacier meltwater stream. The summer mean DOC was 0.78 mgL-1 (Appendix VII).
-1

3.3 Control plots
The highest DBC concentration in experimental control plots was 0.968 µM, occurring
on July 21. Peak DBC values steadily declined after that, with August’s maximum value 0.562
µM, and September/October’s 0.147 µM. The mean DBC value of control samples throughout
the summer was 0.152 µM. Overall, DBC concentrations in control plots decreased throughout
the summer.
pH values also saw a general decline between field campaigns throughout the summer,
with a July average of 8.41, an August average of 6.80, and a September/October average of
5.89. The sampled summer maximum pH was 8.51 on July 22, and the minimum was 5.26 on
September 29 (Appendix VI).
BPCA concentrations in control plots were low, with a maximum average DBC of 0.488
µM on July 21, and a minimum average of 0.00821 µM on August 29 (Appendix I). B5CA had
consistently higher concentrations than B6CA and B4CA, with a maximum average value of
0.282 µM. Peak average B4CA and B6CA values were lower than B5CA, at 0.119 µM and
0.124 µM, respectively, and the majority of B4CA and B6CA values fell below the analytical
limit of detection (LOD; Equation 2).
Equation 2: Analytical Limit of Detection (LOD) determination = 3.3 • (σ/S)
σ= standard deviation of calibration curve y-intercepts
S= average slope of the calibration curves
The LOD was 0.0355 µM for B4CA, 0.0164 µM for B5CA, and 0.0218 µM for B6CA. Only one
B5CA value was below the LOD. All B6CA:B5CA values fell below 0.5 and showed variability
within this range, but overall reflected the dominance of B5CA over B6CA. Control plot samples
displayed similar DBC concentrations (average 0.188 ± 0.387 µM) and B6CA:B5CA values to
glacier snow, ice, and meltwater samples throughout the summer (Figure 5). Unspiked and
natural samples from this study also fall in line with DBC measurements from other studies
performed around the world in both pristine and non-pristine areas (Table 6).
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Figure 4: B6CA: B5CA and DBC values for control plots and Sholes Glacier samples throughout
the summer. DBC values are calculated from the sum of B4CA, B5CA, and B6CA
concentrations. Analytical LOD values for B4CA, B5CA, and B6CA are 0.0355 µM, 0.0164
µM, and 0.0218 µM, respectively.
DBC concentrations from samples in this study and others that use the DBC method were
designated as “pristine” and “non-pristine” based on their source’s distance from anthropogenic
combustion sources. “Pristine” sources are sampled more than 5 km from a combustion source,
and “non-pristine” sources are less than 5 km from a combustion source. An ANOVA test was
performed on DBC data from this study with data from other studies globally. DBC values were
pooled by pristine or non-pristine locations, and after testing if necessary assumptions were met
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in the data a log transformation was used to make the data normally distributed. An ANOVA test
was chosen here for its ability to identify if there are differences between the mean values of
DBC in pristine samples versus the mean values of DBC in non-pristine samples. This can show
if DBC signatures of samples are affected by the general proximity of sample sites to pollution
sources.
The means of each group were compared using the ANOVA test, which determined that
there are significant differences in DBC concentrations between pristine and non-pristine sites
(F1,50 = 7.859, p = 0.007; Table 6). DBC concentrations from global meltwater streams range
from 0.53 – 12.4µg/L (Khan et al. 2017b), and DBC concentrations from the Sholes Glacier
meltwater stream ranged from 0.5 – 1.6 µg/L. Pristine alpine snow sampled from several
locations in the arctic (Khan et al. 2017b) had DBC concentrations ranging from 1.26 – 9.27
µg/L, and pristine snow sampled from the Sholes Glacier was also within this range with a DBC
concentration of 1.5 µg/L. While these pristine samples were generally comparable, non-pristine
sites had less similarity between DBC concentrations in similar sampling sites (Table 6).
Table 6: DBC values from pristine and non-pristine cryospheric sites around the world compared
to DBC values from unspiked samples in this study. Note that data from both the Single Particle
Soot Photometer (SP2) and DBC methods are reported.
Sample

DBC range
(µg/L)

Location

Method

Source

Pristine
Surface snow

0.4 - 140

Alpine

SP2

Nagorski et al. 2019;
Kaspari et al. 2015

Glacier ice

3120

Alpine

SP2

Kaspari et al. 2015

Alpine Snow

1.26 - 9.27

Greenland, Andes,
Svalbard

BPCA

Khan et al. 2017

Meltwater

0.53 - 12.4

Greenland, Alaska,
Himalayas, Antarctica,
Rockies, Alps

BPCA

Khan et al. 2017

Global Oceans

1 - 31

Arctic, Pacific, Atlantic
oceans

BPCA

(Wagner et al. 2018;
Coppola and Druffel 2014;
Ziolkowski and Druffel
2010)

Glacial Streams

4.6-36

Global

BPCA

(Jaffé et al. 2013)

Headwater streams

38-150

Global

BPCA

(Jaffé et al. 2013)
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Sholes Meltwater Stream

0.5 - 1.6

PNW

BPCA

This study

Sholes Glacier Snow

0.04 - 24.7

PNW

BPCA

This study

Sholes Glacier Ice

0.8

PNW

BPCA

This study

Sholes Glacier Supraglacial
Stream

0.46- 2.06

PNW

BPCA

This study

Non-Pristine
Snow

21.6 - 71.4

Svalbard

BPCA

Khan et al. 2017

Meltwater

4.68 - 177

Svalbard, Rockies,
Antarctica

BPCA

Khan et al. 2017

Artist Point, WA snow

0.082 - 11.62

PNW

BPCA

This study

3.4 Spiked plots
BPCA concentrations were consistently higher for plots spiked with BC standards than
the control plots (Figure 6). Average B6CA:B5CA values consistently fell below 1, showing an
overall dominance of B5CA over B6CA in spiked plots. Average B6CA:B5CA values displayed
similar ranges between sample campaigns, with a July average of 0.206, an August average of
0.162, and a September/October average of 0.211 (Figure 6). The Mann-Whitney U-test was
utilized as a method to determine if the type of char standard used (plant char or soil char)
affected the DBC concentration of samples in the field experiment. To analyze differences in the
field experiment, all samples from spiked plots taken throughout the summer were pooled into
two groups, one group of plots spiked with wood or grass char, and the other group of plots
spiked with soil samples. DBC concentrations from different types of non-anthropogenic
standards showed no significant difference when results were analyzed using the Mann-Whitney
U test (U = 341; p = 0.26, sample size = 58).
The Mann-Whitney U test was selected for this data analysis because it can assess nonparametric data sets and can test the differences in DBC concentrations in samples against the
kind of char used in those samples. Samples were pooled together into plant chars (wood char
and grass char samples) and soil chars (AK soil char, vertisol, and mollisol). Using the MannWhitney U-test in addition to the Kruskal- Wallis test again provides the opportunity to compare
results from similar tests to gain more insight into the statistical outcomes of the data.
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Figure 5: B6CA:B5CA ratios from averages between replicate spiked plots in each field
campaign. Note that each field campaign used a different combination of standards. Sample sizes
in this experiment were too small for statistical tests between treatments in each individual
campaign, however tests on pooled data were performed. A Kruskal-Wallis test showed no
statistical difference in the DBC or B5CA concentrations of plant chars (wood char and grass
char) and soil chars (AK soil chat, mollisol, and vertisol) after sun exposure.
On average, B4CA represented 4.2% (SD= 6.07 µM) of the total BPCA concentration
across all standards and control plots with a maximum of 24.3% of the total DBC and a
minimum of 0%. Control samples had little to no B4CA in all field campaigns throughout the
summer, averaging 2.23% of bulk DBC throughout all samples. B5CA was consistently the most
prevalent BPCA, representing 83.0% of bulk DBC for AK soil char samples, 87.8% for grass
char, 85.2% for mollisol char, 85.0% for vertisol char, and 78.5% for wood char (Appendix IX).
B5CA represented an average of 84.3% (SD=15.66 µM) of DBC concentrations across all
sample plots and campaigns. B6CA accounted for between 0% and 41.3% total DBC, across all
standards and control plots, with a mean of 12.7% (SD=11.75 µM).
To test potential differences in the DBC concentrations of samples taken from the field
experiment at different points in the season, DBC samples were grouped into “early season” and
“late season” samples. “Early season” samples were taken from the beginning of the field season
through August 19, and “late season” samples were taken from August 20 through the end of the
season. The means of DBC values from the early season and late season samples were compared
using a Kruskal-Wallis test, which showed no significant differences between seasons (Chisquare = 0.14, df = 1, p = 0.708). A Kruskal-Wallis test was also used to test potential
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differences between the DBC and B5CA values of plots with different kinds of char standards.
DBC and B5CA were chosen for this analysis because they had the most robust data sets for
statistical analysis. Char standards used throughout the summer were grouped as “soil chars,”
encompassing mollisol, vertisol, and AK soil char standards, and “plant chars,” pooling grass
char and wood char standards together. Comparing the mean DBC values of plots from each
grouping showed no significant differences (Table 7). B5CA values compared between the same
groups also show no significant differences (Table 7).
Table 7: Kruskal-Wallis test results comparing DBC and B5CA values in in soil char and plant
char groups.
DBC
B5CA

Chi-squared
1.086
1.6801

df
1
1

p
0.2974
0.1949

3.5 Controlled photodegradation experiment
DBC concentrations in the controlled photodegradation experiment ranged from 0.036
µM to 1.53 µM, with an average of 0.61 µM (Appendix X). The relationship between DBC
concentration and the amount of sun exposure on a sample was tested using Spearman’s rankorder correlation, showing that when comparing all data from the controlled photodegradation
experiment, DBC concentrations increase with more sun exposure time (rho = 0.466, p< 0.001,
sample size = 57). Concentrations of B4CA, B5CA, and B6CA also increased with more days of
sun exposure. B5CA showed the most distinct changes in concentration for all standards. For
B6CA:B5CA concentrations, AK soil char saw an increase of 0.023 from the control over the
course of 71 days, while wood char displayed an increase of 0.25 over the same time period.
B6CA:B5CA values across all samples in the controlled photodegradation experiment were not
statistically well correlated to sun exposure (p = 0.256, Spearman rank-order coefficient).
Spearman’s rank-order correlation was selected for this statistical analysis because of its ability
to measure the strength of a relationship between two variables, and the direction of association
between those variables in non-parametric data sets. This assessment was appropriate for these
sample groups as the strength of influence that the sun has on DBC and BPCA concentrations
was of particular interest in the controlled photodegradation experiment. The correlation of
individual char types to sun exposure time could not be tested because of small sample sizes.
While DBC concentrations displayed some variation with exposure to sunlight (CV 0.200.39 for all char types), the proportions of each BPCA relative to the whole DBC were more
stable for every treatment in the controlled photodegradation study (Figure 7; Table 10). B5CA
displayed the smallest CV for each treatment, showing overall little variation with changes in sun
exposure. B5CA was also regularly the most abundant BPCA in each sample, representing
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between 48-64% of the total BPCA concentration with an average of 59% across all controlled
photodegradation samples. The relative proportions of B4CA and B6CA were more varied
across exposure days and standards (Table 10).

Figure 6: Percent of each BPCA in DBC measurements for controlled photodegradation
experiment.. Averages of replicate samples were used when available, other samples do not have
replicates and data are individual points.

Table 8: Coefficient of variation (CV) for BPCA proportions and DBC concentrations for each
treatment group in the controlled photodegradation experiment.
Treatment
AK soil char
Diesel Soot
Wood char

B4CA
0.37
0.23
0.32

B5CA
0.054
0.050
0.060

B6CA
0.10
0.32
0.82
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Average DBC
0.39
0.28
0.20

In Diesel samples, B4CA, B6CA, and B6CA:B5CA increased over the course of three
weeks of sun exposure. Despite this, the percentages of each BPCA in relation to the DBC stay
relatively constant over the same time period (Figure 6). While average DBC concentrations
increased from control samples, they did not show an overall increase in the time after that.
The Mann-Kendall test was a particularly useful test for the diesel samples shown in
Figure 7, as it is particularly good at testing statistical significance in small data sets. The MannKendall test was used to assess the presence of any trend in the data, which way that trend is
moving, and whether the trend is statistically significant. The Mann-Kendall test was used for
diesel samples in the controlled photodegradation study, and tested the trends of B6CA, B5CA,
and B4CA concentrations against sun exposure time, as well as the B6CA:B5CA values over sun
exposure time. In the diesel data set, the Mann-Kendall test showed that there is no statistically
significant trend present (Figure 7). While both the Mann-Kendall test and the Spearman’s rankorder correlation test were used in this study and are well suited to small data sets, the MannKendall test is particularly good in this area, which is why it was selected to analyze the diesel
data set. Utilizing both tests was useful to check results and identify any differences in the
outcomes of both tests.

28

Figure 7: BPCA concentrations from averaged diesel samples in the controlled photodegradation
experiment over time. The dashed line denotes the most conservative limit of detection at
0.03864 µM. The average concentration of the control samples is 0.14 µM for B4CA, 0.39 µM
for B5CA, and 0.068 µM for B6CA. Error bars represent the standard deviation between
averaged samples. B6CA:B5CA is a unitless ratio. Tau and p values from the Mann-Kendall test
are displayed for each data set.
4. Discussion
Exploring the natural patterns of DBC in the Mount Baker area was not the focus of this
study, but a necessary step to explore our intervention experiment of the spiked snow plots with
BC standards. The control plots in this study help account for the environmental contributions of
BC to the spiked plots as well as the impacts of deposition and elution of particulate BC and
DBC in snow. In each field campaign, the BPCA and DBC concentrations varied between the
two control plots, making it difficult to establish a baseline BC concentration every day.
Importantly, however, these results point to the natural heterogeneity of the snow and glacier
surface.
This heterogeneity is not unexpected as other studies have identified the spatial
variability of DOC and BC distribution on snow and ice surfaces (Delaney et al. 2015; Ueker et
al. 2020; Kellerman et al. 2021; Niu et al. 2017). However, heterogeneity was near impossible to
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avoid in the natural snow environment as each daily sample required taking snow from a slightly
different spot within the plot. The control plots demonstrate natural heterogeneity of BC in snow
that is present in background levels in the experimental spiked plots as well. Across the control
plots, DBC measurements showed low concentrations that are typical of pristine snow (Khan et
al. 2017b; Table 6) and averages of control plot BPCA concentrations showed similar
concentrations between field campaigns (Appendix VIII).
4.1 Natural snow and ice samples
Samples taken from the Sholes Glacier snow, ice, and meltwater stream, in addition to
the control plot samples of the field experiments, provide a background for the concentrations
and variability of BC in the area (Figure 5). DBC concentrations from natural snow and ice
samples ranged from 0.0033 µM to 2.06 µM, with three outlying samples, defined as values
greater than 1.5 times the interquartile range of the data. The outliers are two control plot
samples and one Sholes glacier snow sample from July, August, and October, respectively
(Figure 5). This range of DBC concentrations are also typical of other snow, ice, and water
samples from the PNW and other parts of the cryosphere, as data from previous studies falls
between 0.4-140 µg/L for surface snow, with a mean of 48.5 µg/L (Table 6; Kaspari et al. 2015;
Nagorski et al. 2019). The outlying high-concentration samples from the Sholes glacier,
however, are on the more-concentrated end of data range shown in other BPCA studies (Table
6). The summer DBC maximum for natural samples was notably higher than other samples and
came from the surface snow of the Sholes Glacier on October 1, 2020, the last day of seasonal
sampling (Appendix XI). This highly concentrated sample showcases melt amplification, which
concentrates surface debris throughout the ablation season, resulting in high concentrations of
debris on the surface at the end of the season (Doherty et al. 2013; Sterle et al. 2013). These high
end-season concentrations were likely not identified in the snow plots because the surface of
each plot was scraped to remove the bulk of dark debris before the BC standard was applied.
The B6CA:B5CA ratio was below 1.0 for all but one natural sample (Figure 5), showing
an overall higher abundance of B5CA over B6CA in unspiked samples. One supraglacial stream,
sampled on August 5, had a B6CA:B5CA ratio of 1.054, showing almost equal amounts of
B6CA and B5CA. This highly condensed signature is indicative of fresher, less-degraded DBC
in the sample. This near-equal ratio of highly condensed DBC could be indicative of short
resident times for BC on the glacier during the ablation season. With many supraglacial melt
streams across the glacier surface, meltwater is quickly flushed from the ice surface, taking
freshly deposited BC with it. This is in contrast to the much lower B6CA:B5CA ratios for the
meltwater stream originating from below the glacier (Appendix I), which is likely exporting
older, more degraded BC from subglacial and interstitial meltwater throughout the glacier.
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4.2 The dynamics of dissolved black carbon in nature
The effects of atmospheric deposition during the ablation season is one of the simplest
explanations for DBC differences between sample days and sample sites. Many studies have
identified atmospheric deposition as a notable source of BC to snow and glaciers around the
world (Khan et al. 2020; Li et al. 2010; Li et al. 2020; Niu et al. 2017). A major draw of Mount
Baker as a study site for BC investigations is the natural and anthropogenic inputs of BC from
wildfires in Eastern Washington, Oregon, and British Columbia, far-flung pollutants from
atmospheric rivers, and local inputs of BC from nearby power plants, refineries, and shipping
traffic in the Salish Sea. The prominence of these sources, particularly the wildfire inputs, was on
full display during the sampling season, with widespread haze throughout the summer and a
well-defined plume of smoke from wildfires in California and Oregon descending on the area in
September (Appendix XII), contributing BC and other particulates across the Cascades (Liu et al.
2021). Pooling DBC data from natural samples and control plots from this summer and from
studies around the world (Table 6), there are statistically significant differences between pristine
and non-pristine samples (Table 7). Although the statistical tests used in this data were relatively
low power, the results are an indication that the proximity of sampling sites to BC sources
influences the concentration of DBC in snow, ice, and meltwater.
After deposition, the mobilization of BC within the snowpack is a continuing study.
Sterle et al. (2013) found increasing concentrations of BC in surface snow of the eastern Sierra
Nevada throughout the melt season, indicating both a strong influence of BC deposition, and,
compared to a steady elution of ions through the snowpack, a tendency for BC to aggregate at the
surface rather than elute through the snowpack with the ionic pulse. Delaney et al. (2015)
similarly reports an accumulation of particulate BC on the top of the snowpack, primarily in the
beginning of the melt season, followed by later-season melt scavenging removing BC. While the
end-season snow sample from the Sholes Glacier supports other findings of melt amplification,
this study was not aimed to answer the melt aggregation hypothesis. In order to homogenize
sample plots, all experimental plots, including control plots, had a thin layer of surface snow
removed prior to applying BC standard.
Meltwater stream DBC concentrations were varied and dilute throughout the summer
(Appendix I). DOC concentrations and SUVA254 values for meltwater stream samples were also
low and somewhat variable, but decreased slightly overall throughout the summer for both
parameters, showing slightly negative trends for both parameters (Appendix VII). In Appendix
VII, DOC had a slope of -0.0009, while the slope for SUVA254 was -0.0069. More data is
needed to identify a statistically robust trend in DOC and SUVA254 concentrations, but DOC
concentrations are on the low end of the ranges identified by previous studies characterizing the
evacuation of carbon from glaciers through meltwater (Hood et al. 2015; Lawson et al. 2014). In
the dissolved phase, Khan et al. (2017) suggests that DBC can be mobilized across ice surfaces,
presenting another consideration for the spread, aggregation, and evacuation of BC on glaciers in
the ablation season. Coupled with annual additions of BC through precipitation and aeolian
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deposition and subsequent changes to albedo and snowmelt, there are many factors that can
affect the load of particulates and carbon in glaciers and snow.
4.3 Photochemical changes in the controlled photodegradation experiment
4.3.1 Photodissolution in the controlled photodegradation experiment
The impacts of BC deposition and elution are often identified as the driving forces of
DBC and BPCA changes in field studies, although there are many other factors influencing
particulates that have not yet been well identified. In the closed environment of the controlled
photodegradation study the changes in DBC concentration point particularly to the
photodissolution of particulate BC (Appendix X). Controlled photodegradation results show that
over the course of 71 days of sun exposure in a closed environment, the DBC of Alaska soil char
samples increased 2.63µM from the control, and wood char increased 0.30 µM from the control.
Even on shorter time scales of one, two, and three weeks, average DBC concentrations for diesel
samples all increased from the average control concentration. The reliable increase of DBC
concentrations with exposure to sunlight indicates that the photodissolution of particulate BC can
supplement available DBC without inputs from atmospheric deposition.
The results from the controlled photodegradation experiment that show DBC
concentrations increasing with sun exposure indicate--> that particulate BC trends towards
photodissolution (Appendix X). Although the processes of photodegradation and
photodissolution are directly linked, photodissolution is less studied and less comprehensively
understood. Previous studies have found that sunlight can degrade particulate BC into DBC
through photodissolution, becoming a source of DBC to surface waters (Roebuck et al. 2017;
Wagner et al. 2021), so the increase in DBC concentration in the controlled photodegradation
study is not unexpected. Photodegradation of BC particles, however, has also been identified as a
major sink for DBC in surface waters, potentially photomineralizing particles into CO2 and other
byproducts, with condensed DBC degrading most efficiently (Stubbins et al. 2012a; Wagner et
al. 2018; Ward et al. 2014). In the controlled photodegradation samples, the increase in DBC
indicates that photodissolution is acting on the particulate BC within the sample container,
creating more DBC than is being removed by photodegradation.
With photodissolution supplying DBC in the controlled photodegradation experiment and
the varied results within both field and controlled photodegradation samples, DBC
concentrations are less effective at showing the effect of sunlight on BC degradation and removal
in this study. Instead, the relative proportions of BPCAs and their differences through time can
be used to show photochemical changes. The controlled photodegradation study shows a general
removal of B4CA throughout exposure time in all standards. This could indicate a degradation of
condensed aromatics (oxidized into B5CA) into less condensed structures after exposure to
sunlight, echoing the findings of previous studies (Khan et al 2017b; Stubbins et al. 2012a;
Wagner et al. 2018). At the same time, there was an increase in the relative amount of B6CA,
indicating a photodissolution of particulate BC into the most condensed, least degraded dissolved
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phase, again following the results of previous studies (Figure 7; Roebuck et al. 2017; Wagner et
al. 2021). This pattern is seen particularly well in the wood char standard samples, which show
increasing concentrations of B6CA markers in each sample. In the control wood char samples,
highly condensed DBC, indicated by B6CA, accounts for 4.4% of DBC in the sample. In the
wood char sample exposed for 24 hours, B6CA markers represent 6.2% of the DBC, and in the
sample exposed for 71 days, B6CA markers account for 19.4%. AK soil char standards exhibit a
clear change in ratio between the control and one day of exposure, and very similar BPCA ratios
between one day of exposure and 71 days of exposure, indicating that saturation or equilibrium
with photodegradation was reached quickly (Appendix XIII).
The results of this study show the photodissolution of particulate BC into DBC, a pattern
that can help illuminate the dynamics of BC in the glacier environment. These results indicate
the necessity for considering both the dissolved and particulate fraction of BC when analyzing
the spread of BC on a glacier. With the impact of photodissolution transforming particulate BC
into DBC, the amount of particulate BC on a glacier is not necessarily representative of the
complete influence of BC on a glacier. The results of this study and others show that the
photodissolution of particulate BC into DBC can happen within a matter of days (Roebuck et al.
2017; Stubbins et al. 2012; Ward et al. 2014). Due to this rapid process, the fraction of
particulate BC deposited onto a glacier can be quickly diminished, leading to inaccurate
measurements and assessments for the influence of BC on glaciers. For this reason, studies that
pair both particulate and DBC measurements can more accurately assess the true influence of BC
from local and far-flung sources. This is necessary for a more comprehensive understanding of
how much BC is deposited on glaciers, and the relative influence of BC debris on glacier albedo,
mass balance, and meltwater flux.
4.3.2 Photodissolution differences between standard types
The decrease in B6CA:B5CA in AK soil char samples over the course of 71 days
indicates a preferential photodegradation of B6CA to B5CA (Appendix XIII). Wood char
standards saw the opposite trend, with the B6CA:B5CA ratio of the sample left out for 71 days
increasing from the control. While the AK soil char and wood char samples displayed variability
in BPCA ratios and DBC concentrations, there were very small differences in diesel
concentrations (Figure 7). Diesel samples displayed steady BPCA ratios at all segments of the
controlled study, with a coefficient of variance of less than 0.05 for each BPCA across all
samples. The consistent ratios of BPCAs in diesel soot exposed to sunlight could indicate that the
influences of photodissolution and photodegradation are working at equilibrium for diesel
samples. In this scenario, as condensed BC particles (oxidized to B6CA) are added to solution
through the photodissolution of particulate BC, they are also being photodegraded into less and
less condensed molecules (oxidized to B5CA and B4CA) and then eventually into CO2 (Ward et
al. 2014). The photodissolution and photodegradation work in equilibrium, resulting in BPCA
proportions that change in the same proportions, or don’t change at all.
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Notably, diesel samples also had very stable DBC concentrations (Appendix X). While
this could again indicate that photodissolution and photodegradation are working at the same
pace, it could also be an indication that diesel BC is less susceptible to photodegradation and
photodissolution than natural chars. Studies have identified structural and reactive differences in
BC from different sources: BC particles formed from diesel engine combustion are smaller and
there are apparent differences in nucleation ability, oxidation patterns, and degradation rates
(Elmquist et al. 2006; Chou et al. 2013; Holt et al. 2021; Hu et al. 2021). Using the same wood
and grass char and diesel soot standards utilized in this study, Elmquist et al. (2006) found that
char BC coming from wood and grass was more reactive than diesel soot BC.
It is important to note the distinction between char, which is defined as solid combustion
residue (Fernandes et al. 2003; Nguyen et al. 2004), and soot, which is formed from aerosolized
condensed hydrocarbons at higher temperatures (Gustafsson et al., 2001; Ishiguro et al., 1997;
Schmidt and Noack, 2000; Stanmore et al., 2001). These distinctions result in different particle
structures, with soot BC forming sheets, and char BC arranged three-dimensionally. The
structure of these particles affects the accessibility of reactive sites, controlling the relative
reactivity or recalcitrance of each particle type (Elmquist et al. 2006). While these findings are
based on temperature-controlled oxidation, the patterns of relative stability are likely applicable
to photooxidation processes. Thus, the relative stability of the diesel soot in the photo-dissolution
and -degradation experiment, indicated by BPCA proportions (Figure 7), is potentially a product
of its less reactive particles formed at higher temperatures.
4.4 BPCA proportions and sunlight exposure
4.4.1 Natural chars in the controlled photodegradation experiment
The results of the field experiment and the controlled photodegradation experiment both
showcase a multitude of ways that DBC quality is complicated by sustained exposure to UV
light and its snow-water relationships. While the dynamics of photodegradation and
photodissolution are indicated in the field samples, the many other factors confounding DBC
concentrations make the controlled photodegradation study a clearer example of the specific
dynamics of degradation and dissolution in sunlight. The controlled photodegradation study also
highlights the differences between standards, particularly their changes in B6CA:B5CA ratios.
The results of this study do not, however, clearly show the impacts of photodegradation in
degrading particles marked by B5CA into less condensed structures. This is largely because of
the less-robust analytical measurements of B4CA in this method. However, the general
dominance of B5CA over B6CA and the small-scale patterns towards decreasing B6CA
concentrations align with previous studies showing the tendency for highly condensed DBC to
degrade into less-condensed forms (Wagner et al. 2017; Coppola et al. 2019), except when
freshly deposited wildfire-derived DBC is present (Khan et al. 2017b).
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The AK soil char samples in the controlled photodegradation experiment showed the
balance between photodissolution and photodegradation. The AK soil samples had an initial
increase in B6CA:B5CA between the control and the sample exposed to the sun for 24 hours,
showing an increase in B6CA concentration relative to B5CA that indicates the photodissolution
of particulate BC in highly condensed DBC (Appendix XIII). The sample exposed to 71 days of
sunlight light, however, had a lower B6CA:B5CA ratio than the 24-hour sample, potentially
indicating photodegradation that results in an overall less-condensed signature. The balance of
photodissolution and photodegradation displayed in these samples supports previous work that
shows the dissolution of particulate BC into highly condensed DBC and the subsequent
preferential degradation of highly condensed BC into less-condensed forms (Roebuck et al.
2017; Wagner et al. 2021; Wagner et al. 2017; Coppola et al. 2019.
The wood char samples experienced an increase in all BPCA concentrations and the
overall DBC concentration with sunlight exposure (Appendix X). The wood char samples also
had an increasing percentage of B6CA paired with a decreasing percentage of B4CA relative to
whole DBC, although these trends are not statistically significant (Figure 7). The inverse
relationship between highly condensed and less-condensed BPCA concentrations is another
indication of the paired photodissolution and photodegradation relationship: at the same time that
sun exposure is mobilizing the dissolution of BC into highly-condensed DBC, sun exposure is
also inducing the continued degradation of already-dissolved BC. The B6CA:B5CA ratio also
increased in wood char samples exposed to sunlight, rising 0.027 from the control to one day of
exposure, and then increasing 0.22 between one to 71 days of exposure (Appendix XIII). This is
a total increase of 0.25 in the B6CA:B5CA ratio between the control and 71 days of exposure,
showing the increasing influence of B6CA with sun exposure as photodissolution adds highly
condensed DBC into solution.
4.4.2 Natural chars in the field experiment
The AK soil char, which was collected from the field and unstandardized, was the most
‘natural’ of the standards used in the spiked plots. AK soil char standards supported the results of
previous studies by showing that each spiked plot had a continued dominance of less-condensed
BC, indicated by B5CA, over highly condensed BC, indicated by B6CA (Figure 6). However,
the plots spiked with AK soil char had only obscure patterns showing the actual degradation of
highly condensed BC into less-condensed forms. While the AK soil char plots had an increase in
the B6CA:B5CA ratio on the second sampling day, there followed a decrease in the ratio by the
last day of sampling. While this pattern does indicate degradation, the confounding factors
influencing the field experiment necessitate a longer timeline and more samples for statistically
robust conclusions.
The wood char samples, however, showed a different pattern, despite also being a natural
plant-derived, although lab-standardized, char. The wood char snow samples showed general
increases in B6CA:B5CA (Figure 6), counter to what we would expect, and followed results
from the controlled photodegradation experiment, where the B6CA:B5CA ratio in wood char
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samples also increased. Based on the well-established trends of BC photodegradation, we would
expect to see a decrease in the B6CA:B5CA ratio (Stubbins et al. 2012a; Wagner et al. 2017;
Coppola et al. 2019). However, the influence of photodissolution as a contributor of condensed
DBC from particulate BC can explain the overall increase in B6CA over time exposed to UV
radiation.
The lack of statistical differences in the results of the Kruskal-Wallis test comparing
pooled BPCA data between char standards could indicate that any patterns that are being seen in
the BPCA or DBC concentrations of field experiment plots are not statistically significant, and
that natural chars from different sources behave similarly in sunlight. The small sample sizes in
this experiment make it impossible to employ other statistical tests that could better illuminate
the potential differences in DBC and BPCA changes between char standards. Additionally, the
non-normal distribution of data rules out most parametric tests, especially when combined with
the small sample sizes. With larger sample sizes, comparative statistical tests (e.g., ANOVA, ttest) could be used to show statistical differences between treatment groups.
4.4.3 Photochemical changes compared to previous studies
The partial photodegradation of BC particles has been well documented in the literature
using the BPCA method (Stubbins et al. 2012a; Khan et al. 2017b; Marques et al. 2017; Wagner
et al. 2017; Coppola et al. 2019), as well as the FT-ICR MS method (Ward et al. 2014). These
studies show that photodegradation is marked by the degradation of condensed molecules,
indicated by B6CA, into less-condensed structures, and can be identified by analyzing the
change in BPCA concentrations and ratios. Given this well-established pattern of degradation, it
is not surprising to find higher concentrations of B5CA across all field and controlled
photodegradation samples.
Despite the complex nature of the field samples, the information gathered from the
controlled experiment helps contextualize field results. While the B4CA concentrations are low
or below the detection limit, the percentage of B5CA and B6CA in the DBC of control field
samples are in line with percentages from natural chars used in the controlled photodegradation
experiment. Additionally, the relative amounts of BPCAs in control plots show variation
between sample days. The diesel standard in the controlled photodegradation experiment,
however, showed very little change in relative percentages of B6CA and B5CA, and also small
changes in the DBC in general. The BPCA changes in the control plots behave more similarly to
the natural chars. Based on the differing patterns of B6CA:B5CA ratios between natural char and
diesel soot used in these experiments, the snow and ice in the Mount Baker area is likely more
strongly influenced by natural chars than anthropogenic soot.
One important factor in comparing the results of the control and natural samples of this
study to the results of other studies is the low concentrations of BPCAs found in these samples.
The overall low BPCA yield resulted in larger percent differences between samples, and also
made it difficult to measure already small fractions of less-condensed BPCAs. Additionally, the
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BPCA method as adapted by Wagner et al. (2017) focuses on the quantification of B6CA and
B5CA only, which have been identified as the most abundant BPCAs deriving from pyrogenic
sources (Schneider et al. 2010; Kappenberg 2019). With these factors at play, less-condensed
BPCAs are not measured well and are not shown as a robust fraction of the DBC. However,
previous studies have already identified low yields of B4CA and B3CA and thus shown them as
less useful in robust measurements of DBC (Dittmar 2008; Kappenberg et al. 2016; Stubbins et
al. 2012a), and B6CA+B5CA measurements are accepted as robust metrics in the literature
(Stubbins et al. 2012a; Wagner et al. 2017; Wagner et al. 2018).
This study presents data showing the trends and differences in photochemical changes in
both controlled and natural settings in several types of BC standards. Here the aim was to
conduct a controlled photodegradation experiment in order to more definitively be able to
interpret DBC sources to the Mount Baker area in the future. Revisions to this study could
include collecting snow from the area and sequestering it in a clear jar, in order to create a closed
environment to see the degradation patterns of BC in the snow while also eliminating the
inclusion of new airborne BC during the experiment.
5. Conclusion
This study is a step towards understanding the complex and dynamic nature of BC in the
cryosphere, but the influence of photodissolution that can be inferred from the controlled
photodegradation experiment necessitates more research into its relationship with
photodegradation. Gaining a better understanding into the relationship between BC mobilization
from photodissolution and the BC sink of photodegradation will provide a better understanding
of the lifecycle of BC on snow and ice and its contribution to surface waters. This is increasingly
important as BC becomes a more prevalent force around the world, affecting the carbon cycle
and the albedo of snow and ice. While this study is a step towards understanding these dynamics
in situ and in controlled environments, a more detailed controlled study could be developed to
better resolve the photodissolution-photodegradation relationship in BC. This more detailed
study could include controls directly paired with each UV-exposed sample, more replicates and
sampling intervals, and samples with and without particulate BC. Such a study would help
constrain some of the myriad of effects that can influence BC and BPCA concentrations in water.
Further studies could also aim to address the low concentrations of DBC that make it
difficult to make robust measurements of BPCAs and determine statistically significant trends.
Larger sample volumes (e.g. 2-4 L of snow) could aid in more robust BPCA measurements by
simply providing more DBC available for SPE extraction and HPLC analysis. Exploring new
analytical methods could also produce data sets that are better suited to strong statistical analysis.
While the BPCA method is particularly well suited to DBC studies looking at how BC particles
may change over time, pairing the BPCA method with other methods could provide new depth
and insights into such studies. For example, using both the BPCA method and the SP2 method in
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one study could help illuminate the transition from particulate to dissolved BC in the
photodissolution process.
Robust investigations of BC degradation in the laboratory setting are integral to the study
of BC and its dynamics. By isolating BC from the many complicating factors present in nature,
fine-tuned assessments can be made of they way that BC is affected by sunlight, temperature,
and proximity to combustion source. In-depth and comprehensive in-situ measurements and
experiments, however, provide critical insight needed to fully capture the multitude of factors
that affect the lifecycle of BC and BPCA signatures in snow and ice. Already, studies have
indicated the importance of both sun exposure and temperature jointly hastening the dissolution
of BC (Estapa et al. 2012; Mayer et al. 2006). By studying the dynamics of BC in nature, with
the influence of many controlling factors, new relationships can be drawn between the many
forces that can affect the BC lifecycle. Observing the full range of ways that BC can change in
nature can also constrain all of the possible transformations that BC particles experience. Field
experiments in a variety of locations across the cryosphere are also important, as localized
factors like snowmelt and sublimation, cloud cover, and BC sources must be considered.
BPCA markers have the potential to be important tools for understanding the contribution
of different sources to BC pollution, but there is still a lot to be learned about the factors that
affect their longevity in nature. With a better understanding of BPCA movement and degradation
in nature, more accurate assessments can be made of the concentration, age, and source of BC
particles in the cryosphere. With the increase in wildfires, Arctic shipping traffic, and fossil fuel
pollution, accurate knowledge of BC is becoming more important than ever to understand the
threat to snow, sea ice, and glaciers worldwide. Additionally, constraining the differences in
photodegradation and photodissolution between natural and anthropogenic chars is an important
step in understanding the BPCA proportions of both kinds of chars, how those proportions are
impacted by sunlight, and the potential implications of these chars becoming more prevalent in
the cryosphere.
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Appendix I
Snow chemistry results for snow, ice, and meltwater samples from the Sholes Glacier. Values
represent individual samples, and replicates are listed individually.
Date

Sample

7/28/20

Meltwater
Stream
Supraglacial
Stream
Meltwater
Stream
Meltwater
Stream
Meltwater
Stream
Meltwater
Stream
Sholes Ice

8/5/20
8/17/20
8/17/20
8/27/20
8/27/20
9/10/20
9/10/20
9/10/20
9/10/20
9/17/20
10/1/20

Meltwater
Stream
Supraglacial
Stream
Supraglacial
Stream
Meltwater
Stream
Sholes snow

B6CA
Concentration
(µM)
0.00903

B5CA
Concentration
(µM)
0.0305

0.0196

0.0197

0.00959

DBC
(µM)

B6CA:B5CA

0.0395

0.296

BDL

0.0393

1.054

0.0900

0.00388

0.103

0.107

0.0109

0.0565

0.00658

0.0739

0.192

0.00763

0.0420

0.00478

0.0544

0.182

0.0554

0.126

0.0392

0.220

0.441

0.0118

0.0540

0.00148

0.0673

0.219

0.0119

0.0540

BDL

0.0659

0.220

0.000956

0.172

BDL

0.173

0.00693

0.0315

BDL

0.0384

0.0056
0
0.220

0.0131

0.0553

BDL

0.0684

0.237

0.0973

1.887

0.0764

2.060

0.0515
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B4CA
Concentration
(µM)
BDL

Appendix II
A solid phase extraction set up. Bottles with filtered and acidified sample are placed above rinsed
PPL cartridges. Water flows through the tubing and into the cartridges. Waste sample drips
through the cartridges and into a waste bucket.
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Appendix III
Used PPL cartridges being dried under N2 gas before elution with methanol.
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Appendix IV
TOC-SPE calculations for field and controlled photodegradation samples that received DOC
measurements.
Date
Sampled
7/19/20
7/19/20
7/20/20
7/21/20
7/22/20
7/22/20
8/17/20
8/19/20
8/19/20
8/25/20
8/25/20
8/25/20
8/26/20
8/26/20
8/26/20
8/26/20
8/28/20
8/28/20
8/29/20
8/29/20
8/29/20
8/29/20
8/29/20
8/29/20
9/28/20
9/28/20
9/23/21
9/23/21
9/23/21
9/23/21
9/23/22
9/23/22
9/17/21
9/17/21

Volume of sample
Sample Name in SPE (mL)
Grass Char 2
129
Control 2
38
Control 2
262
Control 2
122
Grass Char 2
286
Wood Char 2
124
MWS2
912
Wood Char 1
145
Wood Char 2
68
Grass Char 1
180
WC1
165
Control 1
182
Control 1
155
Grass Char 1
170
AK Soil 1
180
AK soil 2
180
AK Soil 1
185
AK Soil 2
175
Wood Char 1
175
Wood Char 2
160
Control 2
165
Grass Char 1
160
AK Soil 1
175
AK Soil 2
170
MS1
183
VS1
192
MSB1_Sum
53
Diesel_2WkA
46
AKB2_Sum
58
WCB1_Sum
55
Diesel_2WkB
50
AkB1_Sum
54
Diesel_1WkB
48
Diesel_1WkA
46

52

DOC
(mg-C/L)
0.6
4.9
0.6
0.5
0.3
0.3
1.5
0.2
0.2
0.5
0.4
0.8
0.2
0.3
1.2
0.3
0.7
0.4
0.4
2.6
0.3
0.3
0.7
0.3
0.7
2.1
9.1
12.5
95.8
4.6
10.7
48.6
11.1
10.1

Volume
TOC-SPE
MeOH (mL) (mg)
10
0.046
8.5
0.112
9
0.094
9
0.037
9
0.051
10
0.022
16
0.821
10
0.017
10
0.008
10.5
0.054
10
0.040
7
0.087
11
0.019
10
0.031
10.5
0.130
10
0.032
10.5
0.078
10
0.042
10
0.042
11.5
0.250
10.5
0.030
10
0.029
10
0.073
10
0.031
9
0.077
10
0.242
3
0.087
3
0.103
3
0.500
3
0.046
3
0.096
3
0.236
3
0.096
3
0.084

Appendix V
Sealed ampules with sample after undergoing nitric acid oxidation.
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Appendix VI
Snow data measurements throughout the summer averaged across all plots per sample day. “ND”
indicates there was no data collected for that sample.
Date
7/19/20

Air Temp
(ºC)
20.5

Snow Temp
(ºC)
-0.40 ± 0.15

Snow Depth
(cm)
145.50 ±34.72

Crystal
Size (mm)
2

Snow Density
(g/L)
537.50 ±21.04

8.28 ± 0.24

7/20/20

22.0

-0.33± 0.24

124.83 ±22.63

2

556.33 ± 27.60

8.46 ±0.20

7/21/20

20.0

-0.42 ±0.20

106.67 ±23.96

3

546.33 ± 42.68

8.49 ± 0.33

7/22/20

16.0

-0.42 ±0.20

103.67 ± 34.16

3

557.17 ± 25.90

8.33 ±0.36

8/19/20

19.0

0.64 ± 0.24

11.29 ±3.45

1

513.00 ± 65.34

7.33 ±0.63

8/26/20

17.5

0.50

38.75 ± 13.94

1

ND

7.26 ± 0.42

8/27/20

12.0

0.50

22.25 ± 14.62

2

ND

6.95 ± 0.21

8/28/20

15.5

0.31 ± 0.26

11.25 ± 6.27

2

ND

7.26 ± 0.42

8/29/20

8.0

0.50

14.25 ±7.61

1

ND

7.01 ±0.34

9/28/20

19.5

1.00

8.14 ± 13.46

1

ND

5.57 ± 0.17

9/29/20

23.5

0.94 ± 0.18

6.50 ± 9.09

2

ND

5.63 ±0.27

9/30/20

20.0

0.94 ± 0.18

1.00

2

ND

6.09 ±0.48

10/1/20

20.5

1.00

4.00 ± 8.49

2

ND

6.09 ± 0.25
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pH

Appendix VII
Water chemistry data for snow plot samples throughout the summer. “ND” denotes no data,
“BDL” denotes that values were below the detection limit of the instrument.

Date

Sample

pH

DOC SUVA (L m- B6CA
(mg/L) 1 mg-C -1) (µM)

B5CA
(µM)

B4CA
(µM)

DBC
(µM)

B6CA:
B5CA

8/26/20 AK Soil 1

6.49

1.2

ND

0.0185

0.2174

0.0000

0.2359

0.0850

8/26/20

AK soil 2

7.4

0.3

ND

0.0029

0.0109

0.0000

0.0139

0.2687

8/28/20 AK Soil 1

7.97

0.7

ND

ND

ND

ND

ND

ND

8/28/20 AK Soil 2

7.1

0.4

ND

ND

ND

ND

ND

ND

8/29/20 AK Soil 1

7.2

0.7

ND

ND

ND

ND

ND

ND

8/29/20 AK Soil 2

7.16

0.3

ND

0.0001

0.1168

0.0000

0.1169

0.0006

9/28/20 AK Soil 1

5.8

BDL

ND

0.0010

0.0165

0.0000

0.0175

0.0593

10/1/20 AK Soil 1

6.22

0.9

0.78

0.0180

0.0613

0.0009

0.0803

0.2933

7/19/20

Control 2

8.03

4.9

BDL

0.0431

0.1610

0.0331

0.2371

0.2676

7/20/20

Control 2

8.5

0.6

0.50

0.0070

0.0343

0.0000

0.0413

0.2044

7/21/20

Control 2

8.09

0.5

0.80

0.0000

0.0077

0.0000

0.0077

0.0000

8/25/20

Control 1

5.31

0.8

0.88

0.0049

0.1621

0.0000

0.1670

0.0302

8/26/20

Control 1

7.25

0.2

1.50

0.0000

0.0033

0.0000

0.0033

0.0000

8/29/20

Control 2

6.81

0.3

1.00

0.0000

0.0082

0.0000

0.0082

0.0000

9/29/20

Control 2

5.26

0.9

1.11

0.0081

0.1385

0.0003

0.1468

0.0581

10/1/20

Control 1

5.76

BDL

ND

ND

ND

ND

ND

ND

7/19/20

Grass
Char 2

8.02

0.6

0.83

0.0036

0.0175

0.0000

0.0210

0.2046
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7/22/20

Grass
Char 2

8.03

0.3

0.67

ND

ND

ND

ND

ND

8/25/20

Grass
Char 1

8.41

0.5

BDL

0.0127

0.3054

0.0003

0.3184

0.0417

8/26/20

Grass
Char 1

7.53

0.3

0.33

0.2645

0.4461

0.0322

0.7427

0.5929

8/29/20

Grass
Char 1

6.53

0.3

0.00

0.1859

1.7185

0.0917

1.9961

0.1082

6.97

0.2

ND

ND

ND

ND

ND

ND

0.2

0.50

0.0196

0.0197

0.0000

0.0393

0.9954

Meltwater
7/28/20
Stream
8/5/20

Supraglacial
Stream

Meltwater
8/17/20
Stream

6.45

1.5

1.47

0.0109

0.0565

0.0066

0.0739

0.1920

Meltwater
8/27/20
Stream

7.02

BDL

ND

0.0076

0.0420

0.0048

0.0544

0.1819

Meltwater
9/28/20
Stream

5.52

0.7

0.29

0.0223

0.0582

0.0056

0.0861

0.3837

9/28/20 Vertisol 1

5.3

2.1

0.90

0.0966

1.9305

0.0663

2.0934

0.0500

7/19/20

Wood
Char 2

8.25

0.6

1.83

ND

ND

ND

ND

ND

7/22/20

Wood
Char 2

8.83

0.3

3.33

0.0573

ND

0.0219

0.0792

8/19/20

Wood
Char 1

6.88

0.2

BDL

0.2376

0.5856

0.0004

0.8236

0.4058

8/19/20

Wood
Char 2

6.85

0.2

BDL

ND

ND

ND

ND

ND

8/25/20

Wood
Char 1

8.25

0.4

BDL

0.0008

0.0158

0.0000

0.0166

0.0486
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8/29/20

Wood
Char 1

6.87

0.4

BDL

0.1600

0.3954

0.1248

0.6802

0.4045

8/29/20

Wood
Char 2

7.5

2.6

0.12

0.0000

0.0158

0.0000

0.0158

0.0000
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Appendix VIII
Control plot snow chemistry data averaged by sample date. Standard deviations are provided for
data representing the average of two replicates.
Sample
Batch
AP_07_19

pH
8.14 ± 0.15

B6CA
(µM)
0.0215± 0.030

B5CA
(µM)
0.0839 ± 0.11

B4CA
(µM)
0.0165 ± 0.023

DBC
(µM)
0.122 ± 0.16

AP_07_20

8.50 ± 0.01

0.00521 ± 0.0025

0.160 ± 0.18

BDL

0.165 ± 0.18

AP_07_21

8.50 ± 0.57

0.124 ± 0.18

0.245 ± 0.34

0.119 ± 0.17

0.488 ± 0.68

AP_07_22

8.51

BDL

0.0197

BDL

0.0197

SG1_08_1
9
SG1_08_2
5
SG1_08_2
6
SG1_08_2
7
SG1_08_2
8
SG1_08_2
9
SG2_09_2
8
SG2_09_2
9
SG2_09_3
0
SG2_10_1

6.86

BDL

0.0129

BDL

0.0129

5.31

0.00490

0.162

BDL

0.167

7.61 ± 0.51

0.00102 ± 0.0014

0.282 ± 0.39

BDL

0.283 ± 0.40

6.82 ± 0.16

0.0272 ± 0.034

0.141 ± 0.17

BDL

0.168 ± 0.21

7.36 ± 0.13

0.00126 ± 0.0018

0.122 ± 0.15

BDL

0.123 ± 0.15

6.81

BDL

0.00821

BDL

0.00821

5.61

0.0226

0.0488

0.00454

0.0760

5.26

0.00805

0.138

0.000280

0.147

5.86 ± 0.21

0.00273 ± 0.0039

0.0163 ± 0.015

BDL

0.0190 ± 0.018

6.38

0.0987

0.0194

BDL

0.0293
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Appendix IX
This series of graphs shows what percentage of the DBC concentration is comprised of which
BPCA on each sample day in the field study. Graphs are split by July (A), August (B), and
September-October (C) field campaigns. BPCA and DBC values are averaged between replicates
and SDs are expressed with error bars.
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Appendix X
DBC and BPCA concentrations for all AK soil, diesel soot, and wood char samples in the
controlled photodegradation experiment, plotted against the number of days exposed to sunlight.
Control sample concentrations are not included in the graph, but their values are noted in each
graph section. The analytical LOD for B4CA, B5CA, and B6CA is 0.00946 µM, 0.00717 µM,
and 0.0386 µM, respectively.
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Appendix XI
Dark, dirty surface snow on the Sholes Glacier on September 28, 2020. An unspiked glacier
snow sample was taken about 20 yards away, in unperturbed snow with the same dark surface.
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Appendix XII
A smoke plume and haze originating from wildfires in Oregon and California moving over the
Cascades. Pictured from the crest above the Sholes Glacier on Mount Baker, between sites SG1
and SG2, on September 10, 2020.
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Appendix XIII
The B6CA:B5CA ratio for wood char and AK soil char controlled photodegradation samples,
from the control (Day 0) to 71 days of sun exposure. The AK soil char samples had an increase
of 0.2 in the B6CA:B5CA ratio from the control to 24 hours of sun exposure, but the overall
increase from the control to 71 days of sun exposure was only 0.01.
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